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Abstract  
This study examined the effect of run-up velocity on the peak 
height achieved by the athlete in the pole vault and on the corre-
sponding changes in the athlete’s kinematics and energy ex-
changes.  Seventeen jumps by an experienced male pole vaulter 
were video recorded in the sagittal plane and a wide range of 
run-up velocities (4.5–8.5 m/s) was obtained by setting the 
length of the athlete’s run-up (2–16 steps).  A selection of per-
formance variables, kinematic variables, energy variables, and 
pole variables were calculated from the digitized video data.  
We found that the athlete’s peak height increased linearly at a 
rate of 0.54 m per 1 m/s increase in run-up velocity and this 
increase was achieved through a combination of a greater grip 
height and a greater push height.  At the athlete’s competition 
run-up velocity (8.4 m/s) about one third of the rate of increase 
in peak height arose from an increase in grip height and about 
two thirds arose from an increase in push height.  Across the 
range of run-up velocities examined here the athlete always 
performed the basic actions of running, planting, jumping, and 
inverting on the pole.  However, he made minor systematic 
changes to his jumping kinematics, vaulting kinematics, and 
selection of pole characteristics as the run-up velocity increased.  
The increase in run-up velocity and changes in the athlete’s 
vaulting kinematics resulted in substantial changes to the magni-
tudes of the energy exchanges during the vault.  A faster run-up 
produced a greater loss of energy during the take-off, but this 
loss was not sufficient to negate the increase in run-up velocity 
and the increase in work done by the athlete during the pole 
support phase.  The athlete therefore always had a net energy 
gain during the vault.  However, the magnitude of this gain 
decreased slightly as run-up velocity increased. 
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Introduction 
 
The pole vault is a complex athletics event that requires 
considerable ability in sprinting, jumping, and gymnas-
tics. The event is also characterized by substantial energy 
exchanges, particularly between the kinetic and gravita-
tional potential energy of the athlete and the strain energy 
in the pole. However, of all the factors that affect pole 
vault performance the athlete’s run-up velocity is believed 
to be the most important (Angulo-Kinzler et al., 1994; 
Linthorne, 2000). The generally accepted view among 
coaches and sport scientists is that a faster run-up allows 
the athlete to grip higher on a longer and stiffer pole and 
hence achieve a higher vault (McGinnis, 1997; Tidow, 
1989). Although the basic pole vaulting technique of 
running with pole, planting the pole, jumping at take-off, 
inverting on the pole, and arching feet-first over the 
crossbar is firmly established, athletes can differ substan-
tially in their ability to achieve a fast run-up velocity and 
in their proficiency in performing the vaulting actions. 
Variations in run-up velocity and technical proficiency 
also affect the optimum choice of grip height and pole 
stiffness for the athlete, which in turn affect the patterns 
of energy exchange that occur during the vault. Therefore, 
if coaches are to teach a technique that is appropriate for 
the individual athlete, they require a detailed understand-
ing of the relationships between the athlete’s run-up ve-
locity, the athlete’s vaulting kinematics, the characteris-
tics of the pole, the pattern of energy exchanges, and the 
height achieved by the athlete. 
A potentially fruitful method of reaching an un-
derstanding of the relationships between performance and 
technique is to conduct an experimental study on the 
individual athlete in which the technique variable of inter-
est is deliberately varied. This type of study was con-
ducted by Greig and Yeadon (2000) for the high jump and 
by Bridgett and Linthorne (2006) for the long jump. Both 
studies analyzed performances by only one athlete and a 
wide range of run-up velocities was obtained by setting 
the length of the athlete’s run-up. These studies improved 
our understanding of the optimum technique of high 
jumping and long jumping by identifying the optimum 
run-up velocity and by revealing the magnitude of the 
change in performance for a given increase in run-up 
velocity. The long jump study showed that the athlete’s 
optimum technique is to run-up as fast as possible and 
plant the take-off leg at about 65° to the horizontal. At 
around the athlete’s competition run-up velocity the jump 
distance increased at a rate of about 0.6 m per 1 m/s in-
crease in run-up velocity.  In contrast, the high jump study 
showed that the athlete has a sub-maximal optimum run-
up velocity (about 7 m/s) and that the take-off leg should 
be planted at about 55° to the horizontal. These studies 
also showed how technique variables such as the leg plant 
angle, knee plant angle, take-off velocity, take-off angle, 
and take-off duration vary in response to changes in the 
athlete’s run-up velocity. 
To the best of our knowledge a run-up velocity in-
tervention study similar to those conducted by Greig and 
Yeadon (2000) and by Bridgett and Linthorne (2006) has 
not previously been conducted for the pole vault. The pole 
vault differs from the high jump and long jump in that the 
athlete is not in free flight after take-off but is still in 
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contact with the ground via the pole. The athlete’s trajec-
tory after take-off is therefore determined by his choice of 
pole characteristics and movements in the pole support 
phase, as well as by his run-up velocity and take-off tech-
nique. However, even though the relationships between 
performance and technique are more complex in the pole 
vault than in the high jump and long jump, it is still ap-
propriate to conduct a run-up velocity intervention study 
for the pole vault because of the suspected strong influ-
ence of run-up velocity on vault performance. 
The study reported here examined jumps by an 
experienced pole vaulter who used a wide range of run-up 
lengths so as to produce a wide range of run-up velocities. 
The aims of the study were (1) to determine the mathe-
matical form and sensitivity of the relationship between 
run-up velocity and vault height, (2) to determine the 
changes in the athlete’s kinematics and the changes in the 
pole characteristics that are necessary to make effective 
use of a faster run-up velocity, and (3) to determine the 
resulting changes in the patterns of energy exchange that 
occur during the vault. In this study video analysis was 
used to obtain kinematic measures of the athlete’s tech-
nique at key instances during the vault. The performance 
variables, kinematic variables, energy variables, and pole 
variables were then plotted against run-up velocity, and 
the relationships between the variables were determined 
by fitting curves to the data. We expected that a faster 
run-up velocity would result in a higher grip height and 
vault height, but would also require some substantial 
changes in the kinematics, pole characteristics, and en-
ergy exchange patterns so as to achieve the best perform-
ance at a given run-up velocity. 
 
Methods 
 
An experienced male pole vaulter (height 1.80 m, weight 
70 kg) with a personal best performance of 4.90 m volun-
teered to participate in the study. The study was approved 
by the Human Ethics Committee of Brunel University, the 
participant was informed of the protocol and procedures 
prior to his involvement, and written consent to partici-
pate was obtained. The jumps were conducted in still air 
conditions in an indoor athletics stadium with a Rekortan 
running track. The pole vault runway, take-off box, up-
rights, and landing mats complied with IAAF regulations 
for pole vault competitions. The participant wore athletic 
training clothes (tight-fitting lycra shorts and shirt) and 
spiked athletics shoes. 
A wide range of run-up velocities was obtained by 
setting the length of the participant’s run-up. The partici-
pant performed 17 jumps for maximum height using a 
run-up length of 2, 4, 6, 8, 12, and 16 steps (his usual 
competition run-up length). The order of the run-up 
lengths was random and an unlimited rest interval was 
given between jumps to minimize the effects of fatigue on 
vaulting performance. At each run-up length the partici-
pant used a self-selected combination of pole length, pole 
stiffness, and grip height. The participant in this study 
was very experienced and regularly performed jumps 
from short run-ups as part of his normal training program. 
 
Video analysis 
A Panasonic NV-D560 video camera operating at 50 Hz 
was used to record the movement of the athlete during the 
last two steps of the run-up and during the vault. The 
video camera was mounted on a rigid tripod at a height of 
1.5 m and placed at right angles to the runway about 13 m 
away from the middle of the runway. The field of view 
was zoomed to allow the athlete to be visible in the last 
two steps of the take-off and throughout the vault. The 
movement space of the video camera was calibrated with 
three vertical poles that were placed along the midline of 
the runway and 4 m apart and with a marker on the cross-
bar. The positive x direction was defined as the forwards 
direction of the run-up, the positive y direction was de-
fined as vertically upwards, and the origin was the upper 
edge of the back of the take-off box at the midline of the 
runway. 
An Ariel Performance Analysis System (Ariel Dy-
namics, Trabuco Canyon, CA, USA) was used to manu-
ally digitize the motion of the athlete in the video images. 
Eighteen body landmarks that defined a 17-segment 
model of the athlete were digitized in each image, and the 
two-dimensional coordinates of the body landmarks and 
the athlete’s centre of mass were calculated from the 
digitized data using the two-dimensional direct linear 
transform (2D-DLT) algorithm. Coordinate data were 
smoothed using a second-order Butterworth digital filter 
with a cut-off frequency of 5 Hz and the velocity of the 
markers was calculated by direct differentiation of the 
coordinate data. The choice of cut-off frequency was 
based on a visual inspection of the power spectra of the 
coordinate and velocity data. 
 
Data analysis 
We measured relevant performance variables, kinematic 
variables, energy variables, and pole variables similar to 
those reported in previous biomechanical studies of the 
pole vault (Angulo-Kinzler et al., 1994; Arampatzis et al., 
1999; Gros and Kunkel, 1990; Schade et al., 2004; 2005). 
The selected performance variables of the athlete were his 
peak height, grip height, and push height. The kinematic 
variables that were investigated were the horizontal, verti-
cal, and resultant velocities of the athlete’s centre of mass, 
the direction of travel of the athlete’s centre of mass, the 
height of the athlete’s centre of mass, the angle of the leg 
and knee of the athlete’s take-off leg, the pole angle, and 
the pole chord length. The energy variables that were 
investigated were the kinetic energy, gravitational poten-
tial energy, and total mechanical energy of the athlete. 
Time traces of these variables were produced and the key 
instants during the vault at which the variables were noted 
were the instants of touchdown, pole grounding, take-off, 
maximum pole bend, and peak of the jump. The charac-
teristic of the pole that was investigated was the effective 
pole stiffness. 
In pole vaulting the peak height reached by the ath-
lete’s centre of mass is usually 5–25 cm higher than the 
vault height (i.e., the height of the crossbar). Pole vaulters 
are allowed to use a pole of any length and the distance 
between the lower tip of the pole and the athlete’s upper 
grip on the pole is called the ‘grip height’. An athlete also 
has what is termed an ‘effective grip height’ which is 20 
cm less than the grip height because of the depth of the 
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take-off box below the level of the runway. The differ-
ence between the peak height and the effective grip height 
is called the ‘push off’ or ‘push height’ (Linthorne, 2000). 
In this study the instant of touchdown was defined 
as the first frame in which the take-off foot was in contact 
with the ground, and the instant of take-off was the first 
frame in which the take-off foot broke contact with the 
ground. The instant of pole grounding was the first frame 
in which the lower end of the pole made contact with the 
back of the take-off box as indicated by movement of the 
athlete’s upper arm behind his head due to the reaction 
force of the pole. In almost all jumps the instant of pole 
grounding occurs between the instants of touchdown and 
take-off (Gros and Kunkel, 1990; McGinnis, 1997). 
The athlete’s velocity and direction of travel (i.e., 
angle to the horizontal) at any instant were calculated 
from the horizontal and vertical components of the veloc-
ity of the athlete’s centre of mass. In this study the run-up 
velocity was calculated from the change in the horizontal 
position of the athlete’s centre of mass over the duration 
of the flight phase of the last stride before take-off (Hay 
and Nohara, 1990). This method produces an accurate 
measure of run-up velocity as it avoids errors due to ex-
cessive filtering of velocity data during the impact be-
tween the athlete and the ground at touchdown. The ath-
lete’s leg angle was defined as the angle relative to the 
positive horizontal (i.e., positive x-axis) of a line joining 
the hip and the ankle joints of the take-off leg, and the 
knee angle was defined as the angle enclosed by the lines 
that join the hip, knee, and ankle joints of the take-off leg. 
During a vault the pole deforms and recoils. At any 
instant during the bending of the pole the pole chord 
length was defined as the distance between the lower tip 
of the pole and the athlete’s upper grip on the pole. The 
instant of maximum pole bend was defined as the frame at 
which the pole chord length reached its minimum value. 
To compare jumps performed with different grip heights 
the pole chord length at maximum pole bend was also 
expressed as a percentage of the undeflected pole chord 
length. The pole angle was defined as the angle of the 
pole chord to the negative horizontal (i.e., negative x-
axis). A pole vaulter may use a pole of any desired length 
or stiffness. The relationship between the effective stiff-
ness rating of the pole, Rgrip, and the height of the athlete’s 
grip on the pole, Lgrip, is given by Rgrip = Rpole(Lpole/Lgrip)2, 
where Rpole is the manufacturer’s pole stiffness rating and 
Lpole is the manufacturer’s specified grip height on the 
pole. 
 
Energy 
Pole vaulting is essentially about generating kinetic en-
ergy (i.e., velocity) in the run-up and then using a long 
pole to convert this energy into gravitational potential 
energy (i.e., height). However, the conversion of kinetic 
energy to potential energy is not a direct process and 
several mechanisms of energy exchange have an impor-
tant bearing on the height achieved by the athlete. The 
first of these energy exchanges occurs during the take-off 
where the athlete experiences a sharp jarring action when 
the pole is planted into the box and so some of the ath-
lete’s run-up kinetic energy is dissipated due to inelastic 
stretching of the athlete’s body.  Also, some kinetic en-
ergy is lost during the take-off due to the athlete’s up-
wards jumping action (Bridgett and Linthorne, 2006; 
Linthorne, 2000). Elastic strain energy is temporarily 
stored in the bending pole during the pole support phase 
of the vault.  Modern poles are highly elastic and so only 
a small amount of energy (equivalent to a height change 
of 0.10–0.25 m) is dissipated as heat in the bending and 
recoiling pole (Arampatzis et al., 2004). Another impor-
tant energy exchange mechanism occurs during the pole 
support phase where the athlete performs muscular work, 
adding energy to the vaulter-pole system and so increas-
ing the peak height achieved by the athlete (Arampatzis et 
al., 2004; Ekevad and Lundberg, 1997; Hubbard, 1980; 
Linthorne, 2000). 
In the present study the total mechanical energy of 
the athlete was calculated as the sum of the kinetic energy 
and gravitational potential energy of the athlete’s centre 
of mass. In calculating the gravitational potential energy 
of the athlete the zero reference height is arbitrary and in 
this study was set to ground level so as to be consistent 
with the choice used by previous investigators (Arampat-
zis et al., 1999; Gros and Kunkel, 1990; Schade et al., 
2004; 2005). In the pole vault the rotational kinetic ener-
gies of the athlete’s limbs and of the athlete about his 
centre of mass are relatively small and so were not in-
cluded in the calculation of the total mechanical energy 
(Schade et al., 2000). 
The athlete’s total mechanical energy (E) was 
noted at four key instants: touchdown (E1), take-off (E2), 
maximum pole bend (E3), and peak of the vault (E4). We 
calculated the total change in the athlete’s energy during 
the vault from touchdown to the peak of the vault (∆Etotal 
= E4 – E1). This total energy change was decomposed into 
the change in energy during the take-off phase (∆Etake-off = 
E2 – E1), which is an indicator of the effectiveness of the 
athlete’s take-off technique, and the change in energy 
from take-off to the peak of the vault (∆Epole-support = E4 – 
E2), which is an indicator of the muscular work done by 
the athlete during the support phase on the pole (Arm-
brust, 1993; Linthorne, 2000). Therefore, we have ∆Etotal 
= ∆Etake-off + ∆Epole-support.  We also calculated the change 
in the athlete’s energy during the pole bending phase 
(∆Epole-bend = E3 – E2) and during the pole recoiling phase 
(∆Epole-recoil = E4 – E3). These quantities are indicators of 
the energy that is stored in the pole and subsequently 
recovered during the pole recoil. In this study energy 
values were normalized to body weight and so can be 
interpreted as an equivalent change in the height of the 
athlete’s centre of mass (Dillman and Nelson, 1968). 
 
Uncertainties 
In the present study the greatest source of uncertainty in 
many of the measured values arose from the sampling 
frequency of the video camera, and this uncertainty was 
taken as one half of the difference between the value at 
the instant of interest and the value at one frame before 
the instant of interest (Hay and Nohara, 1990). The calcu-
lated uncertainties due to the video sampling rate were 
about 0.1 m/s for take-off velocity, 1.0º for take-off angle, 
0.01 m for touchdown height, 0.02 m for take-off height, 
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2.8º for leg angle at touchdown, 1.3º for knee angle at 
touchdown, 0.6º for pole angle, 0.07 m for (normalized) 
energy at touchdown, 0.03 m for energy at take-off, 0.02 
m for energy at maximum pole bend, and 0.02 m for en-
ergy at the peak of the vault. Repeat digitizing of a trial 
five times by the same operator indicated that the uncer-
tainties in run-up velocity, pole chord length, and peak 
height of the athlete were about 0.1 m/s, 0.02 m, and 0.02 
m, respectively. 
 
Curve fits 
We fitted curves to plots of the data in order to quantify 
the strength of the relationships between the variables. A 
wide variety of curves were tested including linear, quad-
ratic, cubic, and exponential curves. In deciding upon the 
best curve we were guided by a locally weighted regres-
sion (loess) fit to the data and by the distribution of the 
residuals. If two or more fitted curves seemed appropriate 
for the data a calculation of Akaike’s Information Crite-
rion was used to determine which of the curves gave the 
best fit (Sugiura, 1978). 
Fitting curves to the data allowed us to see the 
trends in the relationships between run-up velocity and 
the other variables. However, a coach will probably have 
a particular interest in the rate of change in the athlete’s 
variables when the athlete is using their competition run-
up velocity. Therefore, we examined the gradient of the 
tangent line to the fitted curves at the athlete’s competi-
tion run-up velocity. The gradient of the tangent line to 
the fitted curve was obtained by calculating the first de-
rivative (with respect to run-up velocity) of the fitted 
curve and then calculating the value of this function at the 
athlete’s competition (16 step) run-up velocity. 
 
Data from other athletes 
In this study we obtained data from only one male pole 
vaulter and so our ability to generalize the results to other 
pole vaulters initially appeared to be limited. However, 
training data from the log books of pole vault coaches is 
another source of reliable data that can be used to investi-
gate the relationships between run-up velocity and vault-
ing performance. Many pole vaulters perform jumps from 
short run-ups as a part of their normal training program. 
The coach records the vault height, grip height, and push 
height for jumps from these short run-ups and looks for 
changes to indicate the athlete’s training progress. The 
number of run-up steps is recorded rather than run-up 
velocity because the coach does not usually have a simple 
method of measuring the athlete’s run-up velocity during 
training. Likewise, the athlete’s vault height (i.e., the 
height of the crossbar) is recorded rather than the athlete’s 
peak height, and in this arrangement the athlete’s push 
height is the difference between the vault height and the 
effective grip height. 
We obtained data for six male pole vaulters of var-
ied ability from the training logs of a pole vault coach 
(Steve Rippon, personal communication). The relation-
ships between the run-up length and the vault height, grip 
height, and push height for the athlete in the present study 
were compared to those for the six other athletes. This 
comparison allowed us to decide whether the relation-
ships that were observed for the athlete in the present 
study were individual idiosyncracities or whether they 
were likely to be similar to those for most other male pole 
vaulters (Bates, 1996). In the present study the height of 
the crossbar was not recorded and so we converted the 
peak height for the athlete in our study to a vault height 
by subtracting 20 cm, which is typical of the difference 
between the peak height of the athlete’s centre of mass 
and the height of the crossbar (Angulo-Kinzler et al., 
1994; Gros and Kunkel, 1990; Schade et al., 2004; 2005). 
 
Results 
 
The run-up velocity of the athlete in this study increased 
with increasing run-up length and tended toward an as-
ymptotic maximum value (Figure 1). We observed sys-
tematic changes in the athlete’s performance variables 
with increasing run-up velocity. The peak height in-
creased linearly at a rate of 0.54 m per 1 m/s increase in 
run-up velocity (with a 95% confidence interval of ± 0.03 
m per m/s) (Figure 2). The increase in peak height was 
achieved through a combination of a greater grip height 
and a greater push height.  However, as the athlete’s run-
up velocity increased the relative contribution of the grip 
height decreased and that of the push height increased. 
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Figure 1. This plot shows the effect of run-up length on the 
run-up velocity of an experienced male pole vaulter.  The 
fitted exponential curve indicates an asymptotic maximum 
run-up velocity of 8.55 m/s. 
 
We also observed systematic changes in the kine-
matic variables and pole characteristics with increasing 
run-up velocity. At the instant of take-off the athlete’s 
resultant velocity is the vector sum of the horizontal and 
vertical components of the take-off velocity, and the ath-
lete’s take-off angle is given by the ratio of the vertical 
and horizontal components of the take-off velocity. In this 
study the athlete’s resultant take-off velocity increased 
with increasing run-up velocity (Figure 3). However, the 
take-off velocity was almost always less than the run-up 
velocity and the faster the run-up velocity the greater the 
loss of velocity. In this study the athlete’s horizontal take-
off velocity increased with increasing run-up velocity 
whereas the vertical take-off velocity remained almost 
constant at about 2.5 m/s. Therefore, the change in the 
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athlete’s take-off angle was due to the change in his hori-
zontal take-off velocity. As the athlete’s run-up velocity 
increased the horizontal velocity at take-off also increased 
and so the take-off angle decreased, reaching about 20° at 
the athlete’s competition run-up velocity (about 8.4 m/s). 
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Figure 2. The athlete’s peak height, grip height, and push 
height increased with increasing run-up velocity.  The ath-
lete’s peak height increased at a rate of 0.54 m per 1 m/s 
increase in run-up velocity. 
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Figure 3. The athlete’s take-off velocity increased with in-
creasing run-up velocity (solid line).  Also shown are the 
horizontal and vertical components of the take-off velocity 
(dashed lines).  The grey line is the line of equivalence be-
tween run-up velocity and take-off velocity.  The athlete’s 
take-off velocity was less than his run-up velocity and the 
faster the run-up velocity the greater the loss of velocity. 
 
The athlete in this study made small systematic 
changes to his take-off jumping action as he increased his 
run-up velocity. He maintained the same leg angle at 
touchdown (about 70–75º) as run-up velocity increased.  
The athlete also had a more straightened knee at touch-
down when using a faster run-up velocity. His knee angle 
increased from about 130° at the lowest velocity (about 
4.5 m/s  in  a 2-step run-up) to about 150° at his compete- 
tion run-up velocity. 
At the instant of pole grounding the athlete’s upper 
arm was always at full extension with his upper handgrip 
directly above his shoulders. This technique maximized 
the height of his upper handgrip above the ground (about 
2.11 m) and so maximized the angle of the pole to the 
horizontal at the instant of pole grounding. The pole angle 
decreased with increasing run-up velocity as a direct 
result of the increase in his grip height. Because the pole 
was straight at the instant of pole grounding the geometry 
of the athlete and pole meant that the pole angle, θpole, 
decreased as he used a higher grip according to θpole = 
arcsin[(hhand+hbox)/Lgrip], where hhand is the height of the 
athlete’s hand, hbox is the depth of the take-off box, and 
Lgrip is athlete’s grip height. The pole angle was about 52° 
at the lowest run-up velocity used in a 2-step run-up and 
rapidly decreased with increasing run-up velocity, reach-
ing about 31° at the athlete’s competition run-up velocity. 
The effective stiffness of the pole increased 
slightly with increasing run-up velocity and reached a 
stiffness rating of about 81 kg at the athlete’s competition 
run-up velocity. Although the athlete used a higher grip 
on the pole as the run-up velocity increased (Figure 2), 
the pole chord length at the instant of maximum pole bend 
remained almost the same at about 3.0 m.  The percentage 
shortening of the pole chord length at the instant of 
maximum pole bend initially increased rapidly with in-
creasing run-up velocity, but was almost constant at about 
29% for the jumps from 8, 12, and 16 steps. 
The time traces of the athlete’s kinetic energy, 
gravitational potential energy, and total mechanical en-
ergy followed a consistent pattern in the vaults. The ath-
lete’s initial kinetic energy at touchdown showed a sud-
den decrease during the take-off, followed by a further 
decrease after take-off as the athlete transferred his initial 
kinetic energy to strain energy in the bending pole. As the 
pole recoiled, strain energy was transferred to the gravita-
tional potential energy of the athlete. At the peak of the 
vault the athlete retained some kinetic energy (equivalent 
to a horizontal velocity of 2.7 m/s) and so at any given 
run-up velocity the athlete’s peak height was about 0.37 
m less than the athlete’s normalized total energy at the 
peak of the vault. 
The athlete’s total mechanical energy at touch-
down (E1), take-off (E2), and peak of the vault (E4) in-
creased with increasing run-up velocity, whereas the 
athlete’s total energy at the instant of maximum pole bend 
(E3) increased only slightly at the highest run-up veloci-
ties (Figure 4). In all jumps the athlete’s total energy at 
the peak of the vault (E4) was greater than that at touch-
down (E1) and so the athlete had a net energy gain during 
the vault. 
Except at the slowest run-up velocities, the athlete 
lost energy during the take-off phase (∆Etake-off) and this 
loss increased as his run-up velocity increased (Figure 
5a). The amount of energy added by the athlete during the 
pole support phase (∆Epole-support) increased with increasing 
run-up velocity. Although the total energy change in the 
vault from touchdown to the peak of the vault (∆Etotal = 
∆Etake-off + ∆Epole-support) was always positive, the increase 
in the energy added during the support phase of the vault 
was less than the increase in the energy that was lost dur-
ing the take-off and so the overall energy gain tended to 
decrease with increasing run-up velocity (Figure 5a). The 
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amount of energy lost by the athlete during the pole bend-
ing phase (∆Epole-bend) increased with increasing run-up 
velocity (Figure 5b), as did the amount of energy gained 
during the pole recoiling phase (∆Epole-recoil). 
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Figure 4. This plot shows the effect of run-up velocity on the 
athlete’s energy at touchdown (E1), take-off (E2), maximum 
pole bend (E3), and peak of the vault (E4).  Energy values are 
normalized to body weight and so can be interpreted as an 
equivalent change in the height of the athlete’s centre of 
mass. 
 
The curves that were fitted to the data provided 
quantitative measures of the relationships between the 
athlete’s run-up velocity and the performance variables, 
kinematic variables, energy variables, and pole variables.  
Selected curves of best fit to the data are listed in Table 1 
and shown in Figures 1–5. The rate of change in the vari-
ables when the athlete was using his competition run-up 
velocity was calculated from the gradient of the tangent 
line to the fitted curves at the athlete’s competition run-up 
velocity (8.4 m/s).  For the athlete studied here the rates 
of change per 1 m/s increase in run-up velocity were: 
vault height, 0.54 ± 0.03 m; grip height, 0.16 ± 0.07 m; 
push height, 0.35 ± 0.08 m; take-off velocity, 0.40 ± 0.26 
m/s; take-off angle, –3.5 ± 1.0 deg; touchdown knee an-
gle, –0.3 ± 4.6 deg; pole angle, –1.4 ± 0.3 deg; pole chord 
length, 0.14 ± 0.07 m; effective pole stiffness rating, 1.9 ± 
0.9 kg; energy loss during the take-off, –0.50 ± 0.17 m; 
energy gain during the pole support, 0.20 ± 0.05 m; and 
total energy gain during the vault, –0.21 ± 0.22 m; (gradi-
ent ± 95% confidence interval). 
Figure 6 compares the vault height, grip height, 
and push height for the athlete in the present study with 
training data for six other male pole vaulters of varied 
ability. Among the seven athletes the relationships be-
tween the run-up length and the performance variables 
(vault height, grip height, and push height) appeared simi-
lar in shape but with different vertical offsets. The order 
of ability in vault height among the athletes was closely 
reflected by the order in grip height and push height. 
 
Discussion 
 
The results from the athlete in this study indicate that his 
optimum technique was to run-up as fast as possible and 
that his peak height increased linearly at a rate of about 
0.54 m per 1 m/s increase in run-up velocity. The increase 
in peak height was achieved through a combination of a 
greater grip height and a greater push height.  As the 
athlete increased his run-up velocity he made systematic 
changes to his take-off velocity, take-off angle, and knee 
angle at touchdown, and he elected to use a pole with a 
slightly greater effective stiffness. Although a faster run-
up velocity resulted in a greater loss of energy during the 
take-off, the athlete always had a net gain of energy dur-
ing the vault because of the muscular work performed 
during the pole support phase. However, the magnitude of 
the energy gain during the vault decreased slightly with 
increasing run-up velocity.  
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Figure 5. Plot (a) shows the effect of run-up velocity on the 
energy change of the athlete during the take-off phase 
(∆Etake-off = E2 – E1), the energy gain of the athlete due to 
muscular work performed during the pole support phase of 
the vault (∆Epole-support = E4 – E2), and the total energy gain of 
the athlete during the vault (∆Etotal = ∆Etake-off + ∆Epole-support 
= E4 – E1).  Plot (b) shows the effect of run-up velocity on the 
energy loss of the athlete during the pole bending phase 
(∆Epole-bend = E3 – E2) and the energy gain of the athlete dur-
ing the pole recoiling phase (∆Epole-recoil = E4 – E3). 
 
The finding that the athlete’s peak height increased 
linearly with increasing run-up velocity was not an ex-
pected result.  In a well-known model of pole vaulting the 
athlete generates kinetic energy (KE = ½mv2) during the 
run-up  and  then  uses  a  long  pole  to  convert nearly all 
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Table 1.  Parameter values for selected curves of best fit to the athlete’s performance variables, kinematic vari-
ables, energy variables, and pole variables.  Data are fitted parameter value (± standard error). 
Variable Equation Fit parameter Value 
  symbol units  
Run-up velocity y = a Exp[–b Exp(–cx)] a m/s 8.55 (.09) 
  b – 1.14 (.06) 
  c 1/step .32 (.02) 
  RMSD m/s .14 
Peak height y = mx + c m s .540 (.017) 
  c m .21 (.12) 
  RMSD m .086 
Grip height y = ax2 + bx + c a s2/m –.052 (.010) 
  b s 1.04 (.13) 
  c m –.69 (.42) 
  RMSD m .053 
Push height y = ax2 + bx + c a s2/m .045 (.011) 
  b s –.40 (.15) 
  c m .81 (.47) 
  RMSD m .058 
Take-off velocity y = ax2 + bx + c a s/m –.070 (.035) 
  b – 1.57 (.46) 
  c m/s –1.2 (1.5) 
  RMSD m/s .19 
Take-off angle y = mx + c m deg·s/m –3.51 (.51) 
  c deg 48.8 (3.6) 
  RMSD deg 2.6 
Energy at touchdown y = x2/(2g) + htd g m/s2 9.674 (.057) 
  htd m 1.011 (.016) 
  RMSD m .02 
Energy at take-off y = mx + c m s .379 (.021) 
  c m .59 (.15) 
  RMSD m .11 
Energy at max pole bend y = a + Exp[1 + b(x – c)] a m 2.570 (.032) 
  b s/m 1.80 (.53) 
  c m/s 9.47 (.29) 
  RMSD m .07 
Energy at peak of vault y = mx + c m s .579 (.029) 
  c m .32 (.21) 
  RMSD m .15 
Energy lost in take-off y = ax2 + bx + c a s2/m –.054 (.022) 
  b s .41 (.29) 
  c m –.53 (.94) 
  RMSD m .12 
Energy gain in pole support y = mx + c m s .200 (.024) 
  c m –.28 (.17) 
  RMSD m .12 
Energy gain in vault y = ax2 + bx + c a s2/m –.031 (.029) 
  b s .30 (.99) 
  c m .17 (1.24) 
  RMSD m .15 
Run-up velocity was plotted against run-up length (steps), all other variables were plotted against run-up velocity (m/s). 
RMSD = root-mean-square deviation for the regression curve. 
 
of this kinetic energy into the gravitational potential en-
ergy (PE = mgh) of his body at the peak of the vault 
(Armbrust, 1993). This model suggests that the athlete’s 
vault height should increase in proportion to the square of 
the run-up velocity (rather than in proportion to the run-
up velocity as found in the present study). More sophisti-
cated mathematical models of pole vaulting have been 
developed which include the effects of the flexible pole, 
the energy losses in the take-off, and the work done by the 
athlete during the pole support phase (for example; 
Ekevad and Lundberg, 1997; Hubbard, 1980; Linthorne, 
2000; Liu et al., 2011). However, none of the modeling 
studies cited above  reported  the  form  of the relationship 
between run-up velocity and vault height. 
Some investigators have examined competition 
performances by an athlete in an attempt to gain an in-
sight into the form of the relationship between vault 
height and run-up velocity. However, McGinnis (1986) 
and Young and Yeadon (1997) reported an absence of 
significant correlations in their competition data. Similar 
negative findings in studies of other athletics events have 
been attributed to the small range of run-up velocity that 
is used by an athlete during a competition or to the low 
number of trials available to analyze from a competition 
(Greig and Yeadon, 2000). One of the strengths of the 
present study is that the run-up velocity of the athlete was 
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deliberately manipulated over a wide range and so the 
form of the relationships between the variables could be 
clearly identified. 
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Figure 6. Data for vault height, grip height, and push height 
for six male pole vaulters of varied ability (thin lines; labels 
1–6).  Data for the athlete in the present study is shown for 
comparison (thick line; label *).  The similarity with the six 
other athletes indicates that the results from the present 
study are likely to be representative of male pole vaulters. 
 
Kinematic variables 
The effects of run-up velocity on the athlete’s take-off 
technique were similar to those observed in a study of the 
long jump (Bridgett and Linthorne, 2006). During the 
pole vault take-off the athlete needs to generate vertical 
velocity by jumping upwards so as to help smooth the 
transition from the horizontal motion in the run-up to the 
vertical motion necessary to pass over the crossbar.  
However, this take-off jumping action should also mini-
mize any loss of horizontal velocity so as to maximize the 
athlete’s take-off energy (Linthorne, 2000). During the 
take-off the athlete plants his take-off foot ahead of his 
centre of mass so as to produce a sufficiently long ground 
contact time in which to generate vertical velocity 
(Bridgett and Linthorne, 2006). The jumper’s body pivots 
up and over the take-off foot, during which time the take-
off leg rapidly flexes and extends. The leg angle at touch-
down used by the athlete in this study was about 10° 
greater than that used by the elite male athlete in the long 
jump study by Bridgett and Linthorne (2006). This find-
ing is consistent with the generally accepted view that the 
pole vault take-off uses a sub-maximal upwards jump that 
is less vigorous than the long jump take-off and is similar 
to the take-off in the hop phase of the triple jump 
(McGinnis, 1997; Plessa et al., 2010; Tidow, 1989). The 
steeper leg angle at touchdown that is used in the pole 
vault should result in a lower vertical take-off velocity 
and a lower loss of horizontal velocity during the take-off. 
For the athlete in this study the pole angle during 
the take-off decreased with increasing run-up velocity as a 
direct result of the increase in the athlete’s grip height. At 
any given run-up velocity the athlete maximized the 
height of his upper handgrip above the ground at the in-
stant of pole grounding and this is believed to have helped 
minimize the energy that was lost during the pole plant 
and take-off. The interplay between the increase in the 
pole angle and the resulting decrease in the energy lost 
during the take-off is believed to be crucial in determining 
the athlete’s grip height at any given run-up velocity 
(Johnson et al., 1975; Linthorne, 1994; 2000). When 
using a faster run-up velocity the grip height is greater 
and so the pole angle is lower, and this should lead to an 
increase in the energy that is lost during the take-off (Fig-
ure 5a). 
 
Energy exchanges 
For the athlete in this study the pattern of the time traces 
of the athlete’s kinetic energy, gravitational potential 
energy, and total mechanical energy were similar to those 
seen for other skilled pole vaulters when using a flexible 
pole (Dillman and Nelson, 1968; Gros and Kunkel, 1990; 
Schade et al., 2004; 2005). As run-up velocity increased 
the athlete in this study maintained a constant centre of 
mass height (i.e., gravitational potential energy) at touch-
down and so his (normalized) total mechanical energy at 
touchdown increased according to E1 = v2/(2g) + htd, 
where v and htd are the horizontal velocity and height of 
the athlete’s centre of mass at touchdown and g is the 
acceleration due to gravity (Armbrust, 1993). That is, the 
athlete’s energy at touchdown increased in proportion to 
the square of run-up velocity (Figure 4; Table 1). The 
athlete’s energy at take-off and at the peak of the vault 
both increased linearly with run-up velocity (Figure 4), 
but the reason for this relationship is unclear. Likewise, it 
is also unclear why the athlete’s energy at maximum pole 
bend remained almost constant across all run-up veloci-
ties (Figure 4). 
For the athlete in this study the energy lost during 
the take-off increased as the athlete’s run-up velocity 
increased (Figure 5a). The energy lost during the take-off 
is believed to be due to inelastic stretching of the athlete’s 
body from the jarring action when the pole is planted into 
the box and due to the horizontal braking force generated 
when the athlete jumps upwards at take-off (Bridgett and 
Linthorne, 2006; Linthorne, 2000). Both of these mecha-
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nisms are expected to produce a greater loss of energy as 
the athlete’s run-up velocity increases. Firstly, the jump-
ing action in the pole vault take-off is likely to be similar 
to the long jump in that a faster run-up produces a greater 
loss of energy in the take-off because of the increase in 
horizontal braking impulse (Linthorne et al., 2011). Sec-
ondly, a faster run-up velocity allows the athlete to use a 
higher grip height and so the pole angle is reduced. A 
lower pole angle is expected to increase the energy that is 
lost due to the jarring action when the pole is planted into 
the box (Johnson et al., 1975; Linthorne, 1994; 2000). 
Previous studies of performances by skilled pole 
vaulters have shown that the total change in the athlete’s 
energy during the vault (∆Etotal) is almost always positive 
(Angulo-Kinzler et al., 1994; Arampatzis et al., 1999; 
Dillman and Nelson, 1968; Gros and Kunkel, 1990; 
Schade et al., 2004; 2005). That is, the energy added 
through muscular work performed during the pole support 
phase is usually greater than the loss of energy during the 
take-off phase (and other losses such as frictional heating 
in the bending pole and aerodynamic drag on the athlete 
during the pole support phase). An interesting finding 
from the present study is that the total energy gain during 
the vault decreased slightly with increasing run-up veloc-
ity (Figure 5a). This decrease was primarily the result of 
the sharp increase in the energy that was lost during the 
take-off at the higher run-up velocities. 
The magnitude of the energy lost by the athlete 
during the pole bending phase (∆Epole-bend) increased with 
increasing run-up velocity (Figure 5b), presumably be-
cause the athlete produced a greater deformation in a 
stiffer pole and so more energy was transferred to strain 
energy in the pole (Arampatzis et al., 2004; Dillman and 
Nelson, 1968). The energy change of the athlete during 
the pole recoil phase (∆Epole-recoil) was greater than the 
energy loss during the pole bending phase (Figure 5b), but 
this was mainly because the pole recoil energy was aug-
mented by the work done by the athlete. A more complete 
study of energy exchanges in the pole vault would include 
a calculation of the energy stored in the bending pole. 
However, in the present study we were not able to calcu-
late the energy stored in the pole because we did not 
measure the ground reaction forces of the athlete and pole 
with force platforms (Arampatzis et al., 2004). 
 
Curve fits 
In this study we calculated the rate of change in the ath-
lete’s performance variables, kinematic variables, energy 
variables, and pole variables when the athlete was using 
his competition run-up velocity (8.4 m/s). Such knowl-
edge might aid the coach in deciding upon the most fruit-
ful areas to address when attempting to improve the ath-
lete’s competition performance. Such knowledge would 
also indicate the changes in kinematics and pole charac-
teristics that are necessary in order to effectively use a 
faster run-up velocity. For the athlete studied here the rate 
of increase in take-off velocity at the athlete’s competition 
run-up velocity was 0.40 m/s per 1 m/s increase in run-up 
velocity (Figure 3). That is, at the athlete’s competition 
run-up velocity only about 40% of an increase in run-up 
velocity was transferred to an increase in take-off veloc-
ity. For the athlete studied here the rate of increase in 
vault height was 0.54 m per 1 m/s increase in run-up 
velocity, whereas the rate was 0.16 m for grip height and 
0.35 m for push height. These values indicate that at the 
athlete’s competition run-up velocity about one third of 
the rate of increase in vault height arose from the increase 
in grip height and about two thirds arose from the increase 
in push height. 
 
Comparison to data from other athletes 
A comparison of the vault height, grip height, and push 
height for the athlete in the present study with training 
data for six other male pole vaulters showed that the ath-
letes had relationships of similar shape but with different 
vertical offsets (Figure 6). At any given run-up length a 
superior vault height by an athlete tended to be achieved 
through both a greater grip height and a greater push 
height. The similarities in the shape of the relationships 
shown in Figure 6 indicates that the relationships ob-
served in the present study are not individual idiosyn-
cracities and are likely to be similar to those for most 
other male pole vaulters (Bates, 1996). The relationships 
observed in the present study could also be similar to 
those for skilled female pole vaulters because the per-
formances and techniques of skilled female vaulters are 
similar to those of skilled male vaulters of shorter stature 
and lesser muscular strength (McGinnis, 2004; Schade et 
al., 2004). 
 
Conclusion 
 
This study confirmed that run-up velocity has a very 
strong influence on performance in the pole vault and that 
the optimum technique is to run-up as fast as possible. 
The peak height of an experienced male pole vaulter in-
creased at a rate of about 0.54 m per 1 m/s increase in 
run-up velocity, and this increase was achieved through a 
combination of a greater grip height and a greater push 
height.  The athlete always performed the basic pole 
vaulting actions, but he made minor systematic changes to 
his jumping kinematics, vaulting kinematic, and selection 
of pole characteristics as the run-up velocity increased.  
Although a faster run-up velocity resulted in a greater loss 
of energy during the take-off the athlete always had a net 
gain of energy during the vault because of the muscular 
work performed during the pole support phase. However, 
the magnitude of the energy gain during the vault de-
creased slightly with increasing run-up velocity. Training 
data from other male pole vaulters suggests that the re-
sults from the athlete in the present study are representa-
tive of skilled vaulters. 
 
Acknowledgements 
Thanks to Steve Rippon for supplying the training data for the pole 
vaulters. 
 
References 
 
Angulo-Kinzler, R.M., Kinzler, S.B., Balius, X., Turro, C., Caubet, J.M. 
Escoda, J. and Prat, J.A. (1994) Biomechanical analysis of the 
pole vault event. Journal of Applied Biomechanics 10, 147-
165. 
Pole vault run-up velocity 
 
 
 
254 
Arampatzis, A., Schade, F. and Brüggemann, G.-P. (1999) Pole vault. 
In: Biomechanical research project Athens 1997 final report. 
Eds: Brüggemann, G.-P., Koszewski, D. and Müller, H. Ox-
ford: Meyer & Meyer Sport. 145-160. 
Arampatzis, A., Schade, F. and Brüggemann, G.-P. (2004) Effect of the 
pole-human body interaction on pole vaulting performance. 
Journal of Biomechanics 37, 1353-1360. 
Armbrust, W. (1993) Energy conservation in pole vaulting. Track Tech-
nique 125, 3991-3994, 4005. 
Bates, B.T. (1996) Single-subject methodology: An alternative ap-
proach. Medicine and Science in Sport and Exercise 28, 631-
638. 
Bridgett, L.A. and Linthorne, N.P. (2006) Changes in long jump take-
off technique with increasing run-up speed. Journal of Sports 
Sciences 24, 889-897. 
Dillman, C.J. and Nelson, R.C. (1968) The mechanical energy transfor-
mations of pole vaulting with a fiberglass pole. Journal of 
Biomechanics 1, 175-183. 
Ekevad, M. and Lundberg, B. (1997) Influence of pole length and 
stiffness on the energy conversion in pole-vaulting. Journal of 
Biomechanics 30, 259-264. 
Greig, M.P. and Yeadon, M.R. (2000) The influence of touchdown 
parameters on the performance of a high jumper. Journal of 
Applied Biomechanics 16, 367-378. 
Gros, H.J. and Kunkel, V. (1990) Biomechanical analysis of the pole 
vault. In: Scientific research project at the games of the XXIVth 
olympiad - Seoul 1988. Eds: Brüggemann, G.-P. and Glad, B. 
Monaco: International Athletic Foundation. 219-260. 
Hay, J.G. and Nohara, H. (1990) Techniques used by elite long jumpers 
in preparation for takeoff. Journal of Biomechanics 23, 229-
239. 
Hubbard, M. (1980) Dynamics of the pole vault. Journal of Biomechan-
ics 13, 965-976. 
Johnson, W, Al-Hassani, S.T.S., and Lloyd, R.B. (1975) Aspects of pole 
vaulting mechanics. Proceedings of the Institution of Mechani-
cal Engineers 189, 507-518. 
Linthorne, N.P. (1994) Mathematical model of the takeoff phase in the 
pole vault. Journal of Applied Biomechanics 10, 323-334. 
Linthorne, N.P. (2000) Energy loss in the pole vault take-off and the 
advantage of the flexible pole. Sports Engineering 3, 205-218. 
Linthorne, N.P., Baker, C., Douglas, M.M.M, Hill, G.A., and Webster, 
R.G. (2011) Take-off forces and impulses in the long jump. In: 
Applied Biomechanics in Sports, Portuguese Journal of Sport 
Sciences, 11(Suppl. 2). Eds: Veloso, A.P., Alves, F., Ferdinan-
des, R.J. Conceição, F. and Vilas-Boas, J.P. 33-36.  
Liu, G., Nguang, S.-K. and Zhang, Y. (2011) Pole vault performance for 
anthropometric variability via a dynamical optimal control 
model. Journal of Biomechanics 44, 436-441. 
McGinnis, P.M. (1986) General pole vault findings – USOC/TAC elite 
athlete project. Track Technique 94, 2994-2997. 
McGinnis, P.M. (1997) Mechanics of the pole vault take-off. New 
Studies in Athletics 12(1), 43-46. 
McGinnis, P.M. (2004) Evolution of the relationship between perform-
ance and approach run velocity in the women’s pole vault. In: 
Proceedings of XXII international symposium on biomechanics 
in sports. Eds: Lamontagne, M., Robertson, D.G.E. and Sveis-
trup, H. Ottawa: Faculty of Health Sciences, University of Ot-
tawa. 531-534. 
Plessa, E.I., Rousanoglou, E.N. and Boudolos, K.D. (2010) Comparison 
of the take-off ground reaction force patterns of the pole vault 
and the long jump. Journal of Sports Medicine and Physical 
Fitness 50, 416-421. 
Schade, F., Arampatzis, A. and Brüggemann, G.-P. (2000) Influence of 
different approaches for calculating the athlete's mechanical 
energy on energetic parameters in the pole vault. Journal of 
Biomechanics 33, 1263-1268. 
Schade, F., Arampatzis, A., Brüggemann, G.-P. and Komi, P.V. (2004) 
Comparison of the men’s and the women’s pole vault at the 
2000 Sydney Olympic Games. Journal of Sports Sciences 22, 
835-842. 
Schade, F., Brüggemann, G.-P., Isolehto, J., Komi, P. and Arampatzis, 
A. (2005) Biomechanical analysis of the pole vault. New Stud-
ies in Athletics 20(Suppl), 35-53. 
Sugiura, N. (1978) Further analysts of the data by Akaike’s information 
criterion and the finite corrections. Communications in Statis-
tics - Theory and Methods 7, 13-26. 
Tidow, G. (1989) Model technique analysis sheet for the vertical jumps 
part III: The pole vault. New Studies in Athletics 3(4), 43-58. 
Young, N. and Yeadon, F. (1997) What is the optimum take-off position 
in pole vaulting? Athletics Coach 30(7), 6-10. 
 
 
Key points 
 
• In the pole vault the optimum technique is to run-up 
as fast as possible. 
• The athlete’s vault height increases at a rate of about 
0.5 m per 1 m/s increase in run-up velocity. 
• The increase in vault height is achieved through a 
greater grip height and a greater push height.  At the 
athlete’s competition run-up velocity about one third 
of the rate of increase in vault height arises from an 
increase in grip height and two thirds arises from an 
increase in push height. 
• The athlete has a net energy gain during the vault.  
A faster run-up velocity produces a greater loss of 
energy during the take-off but this loss of energy is 
not sufficient to negate the increase in run-up veloc-
ity and the increase in the work done by the athlete 
during the pole support phase. 
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